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LmrCD is an ABC-type multidrug transporter in Lactococcus lactis. LmrR encodes a putative transcriptional
regulator. In a AlmrR strain, ImrCD is up-regulated. LmrR binds the promoter region of /mrCD and interacts
with drugs that cause ImrCD up-regulation. This suggests that LmrR is a drug-dependent transcriptional

regulator of ImrCD expression.

In recent years, the exposure of human-pathogenic bacteria
to antibiotics and toxic drugs has led to a major boost in the
emergence of (multi)drug resistant pathogens (24), which are
now a serious problem in public health, causing millions of
death worldwide (6, 22). The overexpression of a multidrug
efflux pump(s) is one of the causes of the resistance phenotype
observed in bacteria (17, 19, 26). Bacteria possess various
genes that encode putative multidrug resistance (MDR) trans-
porters, but for most of these systems the exact physiological
function is unclear (25). Resistance readily develops when cells
are exposed to drugs or antibiotics, and the immediate re-
sponse usually involves the up-regulation of low-expression
MDR transporters through local or global transcriptional reg-
ulators (1, 11, 12). The gram-positive bacterium Lactococcus
lactis is widely used in fermented food production. The ge-
nomes of L. lactis IL-1403 (5) and MG1363 (30) contain about
40 genes that encode putative MDR transporters. LmrA and
LmrP of L. lactis have been implicated in the MDR phenotype,
but gene inactivation analysis of a number of putative MDR
transporter genes suggests that the intrinsic MDR of L. lactis is
due to the expression of the heterodimeric ATP-binding cas-
sette (ABC) transporter LmrCD (20). Exposure of L. lactis
cells to the compounds daunomycin, ethidium bromide, and
rhodamine 6G readily resulted in the development of an MDR
phenotype (4). DNA microarray analysis revealed that in these
strains the expression of ImrCD is strongly increased (four- to
eightfold), whereas several other genes are up- or down-regu-
lated in a strain-specific manner (18). This suggests that Lm-
rCD is also a major determinant of acquired drug resistance.
The DNA region upstream of the /mrCD genes specifies a
putative regulatory protein, LmrR (formerly YdaF), that by
homology belongs to the PadR family of transcriptional regu-
lators (Pfam PF03551). PadR proteins are involved in the
regulation of expression of the phenolic acid decarboxylase
(pad) genes, which are required for the detoxification (13) and
metabolism (10, 23, 28) of phenolic acid compounds. In lactic
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acid bacteria, phenolic acids are converted to 4-vinyl deriva-
tives, which are further reduced to 4-ethyl derivatives (3). The
PadR family is related to the bacterial and archaeal MarR
family of transcriptional regulators of multiple antibiotic resis-
tance. These proteins share a common domain organization
which comprises an N-terminal winged helix-turn-helix DNA
binding motif that via a conserved hinge region is connected to
a highly divergent C-terminal domain (2). The latter region has
been postulated to be involved in substrates binding. Interest-
ingly, in L. lactis MDR strains, the /mrR gene contains either a
frameshift mutation or a point mutation (T82I in the hinge
region) (18). This suggests that the up-regulation of /mrCD
observed in these strains is related to a defective LmrR pro-
tein.

Since the previously characterized MDR strains of L. lactis
were obtained by experiments involving long-term drug chal-
lenge, repeated transfer, and growth (4), there is a risk that
other factors besides LmrR contribute to the MDR phenotype.
To evaluate the exact role of LmrR in ImrCD expression, the
ImrR gene was deleted by chromosomal replacement (15, 16).
A PCR fragment containing the complete /mrR gene and the
flanking regions was amplified from genomic DNA of L. lactis
NZ9000 (8) using the primer pair ImrR FW2/ImrR RV2 (Table
1). The PCR product and the plasmid pORI280 were digested
with BglII/BamHI and ligated, resulting in pORIYdaF. Sub-
sequently, the complete /mrR gene was removed from this
plasmid by a PCR method using phosphorylated primers facing
back to back, i.e., ImrR FW3/ImrR RV3 (Table 1). The ob-
tained linear PCR product was self-ligated, resulting in
pORIYdaFDel; this plasmid was introduced into L. lactis
NZ9000 cells containing the temperature-sensitive pVE6007
plasmid, which bears the rep4 gene necessary for the replica-
tion of pPORIYdaFDel. Single transformants were grown over-
night at an elevated growth temperature (37°C) to induce the
loss of pVEG6007. Integrants were selected by growth in M17
medium (Difco) containing 0.5% (wt/vol) glucose (GM17) and
erythromycin (5 pg/ml) and grown further for 30 to 40 gener-
ations in medium without the antibiotic to allow excision of the
integrated structure. The deletion was confirmed by PCR and
nucleotide sequencing of the corresponding region of the chro-
mosome. L. lactis NZ9000 parental and AlmrR cells were
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TABLE 1. Primers used

Primer Sequence (5’ to 3')° Endonuclease
ImrR FW1 GGCCCATGGGGGCAGAAATACCAAAAGAAATG Ncol
ImrR RV1 GCGTCTAGATTTAATCGCTTTCACTCTTCTTAT Xbal
ImrR FW2 TATAGATCTGCAATTCGAAGTCCAATTAAG Bglll
ImrR RV2 TATGGATCCGTAAGTTGCTTCACGAACGTC BamHI
ImrR FW3 TAAATTCACGATTCATTCCTTACTT
ImrR RV3 TCTTTTTCCTTTCTATCATTTTAAACA

ImrCDpmtr FW1
ImrCDpmtr FW2
ImrCDpmtr RV1
ImrRpmtr FW1
ImrRpmtr FW2
ImrRpmtr RV1
ImrRpmtr RV2
ImrC RT-PCR FW
ImrC RT-PCR RV
ImrD RT-PCR FW
ImrD RT-PCR RV
ImrR RT-PCR FW
ImrR RT-PCR RV
secY RT-PCR FW
secY RT-PCR RV

ATTGTAATCTTTAACAGCATTAAC
ACAAATAACGTCGTAAATCG
GGCAACCCATTTATGCTTCA
TGTCGCAAACGCAATTTGTC
TCAAGGAAAGTTGTCTTCCACCGCTAA
CTGCCATTCTTTTTCCTTTC
GGGCTCGTAACATTTCTTTTGGTATTTCTG
GTTGAAGAACGTGGGAATAATTTCTCAGGTGG
CCTCCTGTGCTTTCTGTGTATCGTAGATTTC
CGTTTCTGATGATGAATCAGTCTTCTCAGTTGG
CAAAAACGAATTGATTATGATAAAGTTCAGAG
ATGGCAGAAATACCAAAAGAAATG
TTATTTAATCGCTTCACTCTTCTTAT
TACAACTGCTCCAGCTACGA
GTTCCTCCAAGAGCGACAAT

“ Endonuclease sites are in bold.

grown at 30°C in GM17 and harvested at an optical density at
660 of 1 (late log phase), and their transcriptomes were com-
pared by DNA microarray analysis (7, 29). Expression of a
gene was considered to be significantly altered when the Cyber
T Baysian P value was <1E—05. ImrC and ImrD are highly
up-regulated (>4.5-fold) upon deletion of ImrR, confirming
our previous assumption that LmrR is a transcriptional repres-
sor of ImrCD. A limited number of other genes are significantly
and strongly (~2-fold) transcribed differentially. These are
mostly related to the intracellular redox state, such as the trxA,
thioredoxin, and superoxide dismutase genes. Genes that were
down-regulated more than twofold are glnR (glutamine syn-
thetase repressor), cysK (cysteine synthase), and rp/D (50S
ribosomal protein L4). The L. lactis NZ9000 AlmrR strain
showed similar growth and resistance against Hoechst 33342
(Fig. 1) and daunomycin (data not shown) as did L. lactis
NZ9000 cells but was significantly more resistant than the
AlmrCD strain, as expected for the derepression of ImrCD.
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FIG. 1. Sensitivity of L. lactis NZ9000, AlmrR, and AlmrCD cells to
Hoechst 33342. L. lactis NZ9000 (®), AlmrCD (O), and AlmrR ([J)
cells were grown in GM17 medium in the presence of increasing
concentrations of Hoechst 33342. The specific growth rates are plotted
as a function of the drug concentration.

o

Interestingly, we have previously shown that overexpression of
ImrCD restores the drug-sensitive phenotype of the AlmrCD
strain to parental levels only, despite the increased drug extru-
sion activity relative to the parental strain (18).

To determine the function of LmrR, the /mrR gene (351 bp)
was PCR amplified from L. lactis MG1363 (9) genomic DNA
using the primers ImrR FW1 and /mrR RV1 (Table 1). The
ImrR gene was inserted between the Ncol/Xbal sites of the
pNSC8048 expression vector (encoding a C-terminal streptac-
tin tag), yielding pNSC8048-ImrR. By a similar method, the
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FIG. 2. Interaction of LmrR with the /mrCD and ImrR promoter
regions. EMSA was performed with increasing amounts of purified
LmrR incubated with 0.7 uM of 3*P-labeled 369-bp and 387-bp dou-
ble-stranded DNA (dsDNA) probes comprising the promoter regions
of ImrCD (A) and ImrR (B), respectively. Where indicated, wild-type
LmrR was substituted for the LmrR(T82I) mutant. *, single-stranded
probe DNA. Unless indicated otherwise, LmrR was used at a concen-
tration of 3.7 uM.
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FIG. 3. DNase I protection of the /mrCD and ImrR promoter regions by LmrR, showing site specificity of binding of LmrR to the lmrCD (A
and B) and /mrR (B and D) promoter regions. The DNase I-digested promoter fragments (A and C) are flanked by the Maxam-Gilbert ladder on
the left (AG). Poly(dI-dC) was present to suppress unspecific binding. Nucleotide sequences of the /mrC (B) and /mrR (D) promoter regions show
the LmrR-protected regions (shaded), the putative —35 and —10 regions (boxed), the inverted repeats (arrows), and the structural genes (bold).

ImrR gene was amplified from the rhodamine-resistant L. lactis
MG1363 strain (4), which contains the point mutation T82I,
yielding pNSC8048-lmrR™. Cells of L. lactis NZ9000, an
MG1363 derivative containing pepN::nisR/K (8), were trans-
formed with these plasmids and grown at 30°C in GM17 with
5 pg/ml chloramphenicol to the mid-log phase (optical density
at 660 nm of 0.7 to 0.8), and then expression was induced by
the addition of nisin to 5 ng/ml (8). Growth was continued for
1 h, and cells were harvested by centrifugation, resuspended in
Tris-Cl (pH 7.0), and lysed by incubation with 10 mg/ml freshly
prepared lysozyme for 45 min at 30°C, followed by the addition
of 10 mM MgSQO,, 100 pwg/ml DNase I, and complete protease
inhibitor (Roche), and subsequent French press treatment at
15,000 Ib/in?. Cellular debris and membranes were removed by
low-speed centrifugation and ultracentrifugation, and LmrR
was purified to homogeneity via Streptactin Sepharose column
chromatography (IBA GmbH) according to the manufactur-
er’s protocol. To remove associated DNA, LmrR was further
purified by HiTrap heparin HP column chromatography (Am-
ersham) in a buffer containing 20 mM Tris-Cl (pH 8.0), 0.2 mM
EDTA, and 0.5 mM dithiothreitol. The protein was eluted

using a linear gradient of 0.15 to 1.5 M NaCl in the same
buffer. LmrR-containing fractions were pooled and concen-
trated using a Microcon centrifugal 10-kDa-cutoff filter (Mil-
lipore Corporation, Bedford, MA). Purified LmrR migrates as
a 13.5-kDa protein on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and mostly as a dimer in gel filtration (data
not shown). The ability of LmrR to bind the promoter region
of ImrCD was assessed by an electrophoretic mobility shift
assay (EMSA) (14). DNA fragments of 205 and 387 bp con-
taining the predicted promoter regions of /mrCD and ImrR,
respectively, were amplified with Pwo DNA polymerase
(Roche) using the PCR primer pairs lmrCDpmtr FW1/lmrC-
Dpmtr RV1 and ImrRpmtr FW1/ImrCDpmtr RV1 (Table 1).
After [y->*P]ATP end labeling, the probes were purified and
mixed with LmrR (0 to 50 pg/ml). After 10 min of incubation
at 30°C, the samples were subjected to 6% polyacrylamide gel
electrophoresis to separate the bound LmrR from the free
DNA probe. LmrR causes a mobility shift of the DNA frag-
ment containing the /mrCD promoter, with an apparent disso-
ciation constant of 0.45 pM (Fig. 2A). The observed shift was
efficiently prevented by the addition of excess unlabeled DNA
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probe for the ImrCD promoter. Interestingly, the LmrR(T82I)
mutant failed to induce a DNA mobility shift (Fig. 2B), dem-
onstrating that this mutant is deficient in promoter binding.
Since earlier microarray studies suggested that [mrR expression
is under the control of an autoregulatory mechanism (18), the
ability of LmrR to bind to its own promoter region was also
analyzed by EMSA. LmrR effectively binds to the DNA frag-
ment containing the /mrR promoter region, while the
LmrR(T82I) mutant fails to bind (Fig. 2B). We conclude that
LmrR binds specifically to both the /mrR and ImrCD promoter
regions, consistent with its proposed role as a transcriptional
regulator.

To map the binding regions on the /mrCD and ImrR pro-
moters, DNase I protection assays were performed (14). DNA
fragments containing the promoter regions of /mrCD and ImrR
were amplified by PCR using the primer sets ImrCDpmtr FW2/
ImrCDpmtr RV1 and ImrRpmtr FW2/ImrCDpmtr RV2, re-
spectively. Various amounts of purified LmrR (0 to 200 pg/ml)
were added, and then LmrR-protected DNA sequences were
determined by the Maxam-Gilbert DNA sequencing method
(27). LmrR protects two sites on the /mrCD promoter that are
separated by 29 base pairs: site I corresponds to the putative
—10 and —35 regions, and site II contains two direct inverted
repeats, i.e., ATGT-10N-ACAT (Fig. 3A and B). Interestingly,
a similar motif, ATGT-8N-ACAT, is conserved among PadR-
like regulators (13). A screen of the L. lactis genome for po-
tential binding sites using the site II motif yielded only the
promoter region of ImrCD, consistent with our transcriptome
analysis results, which show that LmrR is a local transcriptional
regulator. LmrR protected a much longer stretch of DNA, with
no apparent structural features, on its own promoter region
(Fig. 3C and D).

The expression of the ImrCD and ImrR genes was further
investigated by reverse transcription-PCR (RT-PCR) using the
primer sets listed in Table 1. Transcript levels were followed
upon challenge of L. lactis MG1363 cells with the chemically
unrelated drugs daunomycin (5 pM) (Fig. 4A) and Hoechst
33342 (50 uM) (Fig. 4B), both of which are substrates of
LmrCD (20). The expression of ImrC and ImrD transiently
increased up to twofold within 10 min. Unlike in the MDR
strains (Fig. 4C), no detectable change in [mrR expression was
detected in the drug-challenged cells (Fig. 4A and B). This
shows that the ImrCD genes are up-regulated in response to
challenge with toxic drugs and suggests that the autoregulatory
mechanism of /mrR differs, at least in timing, from that of the
structural genes /mrCD.

To determine whether LmrR interacts directly with drugs,
binding studies with Hoechst 33342 were performed. This drug
is essentially nonfluorescent in aqueous medium but becomes
highly fluorescent when bound to DNA or protein (21). Addi-
tion of increasing amounts of Hoechst 33342 to purified LmrR
(5.7 pg/ml) in 50 mM Tris-Cl (pH 7.0) results in a saturable
increase in fluorescence (excitation and emission wavelengths
of 355 and 457 nm, respectively) (Fig. 4D). Binding saturates at
~1 mol of Hoechst 33342 per 1.7 mol of LmrR. In contrast, no
fluorescence increase was observed upon addition of Hoechst
33342 to the LmrR(T82I) mutant. Therefore, these data sug-
gest that LmrR interacts directly with drugs and that it acts as
a drug-regulated local transcriptional regulator of /mrCD. In-
terestingly, many of the PadR regulators are involved in the
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FIG. 4. Expression of ImrC, ImrD, and ImrR in L. lactis MG1363
and MDR strains and binding of Hoechst 33342 to LmrR. (A to C)
The expression of ImrC, ImrD, ImrR, and the control gene secY was
measured by RT-PCR using specific primer pairs and total RNA iso-
lated from the parental L. lactis MG1363 incubated in the presence of
Hoechst 33342 (5 uM) (A) or daunomycin (50 wM) (B) and from the
drug-resistant Dau", Eth', and Rho" derivatives in the absence of drugs
(C). WT, wild type. (D) Binding of Hoechst 33342 to LmrR (O) and
the LmrR(T82I) mutant (@). Binding was measured as an increase in
Hoechst 33342 fluorescence (a.u., arbitrary units).

regulation of the expression of enzymes involved in phenolic
acid degradation and detoxification, whereas LmrR regulates
the expression of an MDR transporter that expels toxic mole-
cules from the cell. However, L. lactis NZ9000, AlmrCD, and
AlmrR cells showed similar sensitivities to phenolic acid deriv-
atives (data not shown), which excludes a role of LmrR in the
regulation of phenolic acid metabolism.

Based on the current findings, we propose that the regula-
tion of the MDR phenotype in L. lactis occurs according to the
following mechanism. When cells are exposed to toxic com-
pounds in the medium, these compounds may permeate the
cell membrane and bind LmrR. This binding event likely alters
the LmrR conformation, whereupon its interaction with the
ImrCD promoter region is weakened, allowing the RNA poly-
merase to initiate transcription. This results in a derepression
of the ImrCD genes and hence initiates the expression of an
MDR transporter that expels the drugs from the cell. In due
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course, drug-free LmrR will rebind to the promoter region of
ImrCD and prevent further expression. The phenotype of the
MDR strains of L. lactis can now be partially explained as a
constitutive deregulation of ImrCD expression due to a defec-
tive LmrR that is unable to bind the ImrCD promoter region.
However, since the MDR strains show an increased resistance
to drugs compared to the parental strain, other, possibly strain-
specific, mechanisms seem to contribute to the phenotype as
well. The previous transcriptome analysis of these MDR
strains (18) showed a significant increase in transcript levels of
the ImrR gene, suggesting that LmrR is under control of au-
toregulation. Consistent with this hypothesis, LmrR was found
to protect a long stretch of DNA on its own promoter, but this
region is less defined than that on the /mrCD promoter region.
Since no significant increase in the levels of the /mrR mRNA
was observed upon a drug challenge, we hypothesize that the
binding is either more extensive or tighter, allowing only a low
level of /mrR expression. Autoregulation may be necessary for
subtle tuning of the LmrR levels in the cell, as an excess of
LmrR will interfere with a rapid response of cells toward toxic
compounds entering the cells. Also the derepression of ImrR
might be only weakly influenced by, or even be independent of,
drug binding to LmrR. This will be a subject for future studies.

Transcriptome data accession number. All transcriptome
data discussed here have been deposited in the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/)
and are accessible through GEO series accession number
GSE9168.
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